Pili are a major surface feature of the human pathogen Streptococcus pyogenes (group A streptococcus [GAS]). The T3 pilus is composed of a covalently linked polymer of protein T3 (formerly Orf100 or Fct3) with an ancillary protein, Cpa, attached. A putative signal peptidase, SipA (also called LepA), has been identified in several pilus gene clusters of GAS. We demonstrate that the SipA2 allele of a GAS serotype M3 strain is required for synthesis of T3 pili. Heterologous expression in Escherichia coli showed that SipA2, along with the pilus backbone protein T3 and the sortase SrtC2, is required for polymerization of the T3 protein. In addition, we found that SipA2 is also required for linkage of the ancillary pilin protein Cpa to polymerized T3. Despite partial conservation of motifs of the type I signal peptidase family proteins, SipA lacks the highly conserved and catalytically important serine and lysine residues of these enzymes. Substitution of alanine for either of the two serine residues closest to the expected location of an active site serine demonstrated that these serine residues are both dispensable for T3 polymerization. Therefore, it seems unlikely that SipA functions as a signal peptidase. However, a T3 protein mutated at the P-1 position of the signal peptide cleavage site (alanine to arginine) was unstable in the presence of SipA2, suggesting that there is an interaction between SipA and T3. A possible chaperone-like function of SipA2 in T3 pilus formation is discussed.
Streptococcus pyogenes (group A streptococcus [GAS] ) is an important gram-positive human pathogen that is capable of causing a broad range of diseases (11) . Most of these diseases are mild, self-limiting infections of the throat (pharyngitis) or the skin (impetigo or pyoderma). However, occasionally, GAS causes severe, invasive diseases, including streptococcal toxic shock syndrome and necrotizing fasciitis, that are associated with a high mortality rate. Additionally, GAS infections can result in serious sequelae, including rheumatic fever, rheumatic heart disease, and glomerulonephritis. Recently, it has been demonstrated that GAS produces pili on its surface (23) . The presence of these pili facilitates attachment of GAS to host cells and internalization (1, 22) , as well as formation of biofilms, which may be important for disease development (22) .
Pili are composed of multiple subunits of a single major backbone protein (pilin). As originally demonstrated by TonThat and coworkers for Corynebacterium diphtheriae (42, 43) , on gram-positive bacteria the pilin subunits are covalently attached to each other, unlike the pili on gram-negative bacteria (for reviews, see references 35, 39, and 43) . In addition, the polymerized pilus is covalently attached to the gram-positive cell wall. In many cases, pili on gram-positive bacteria also contain ancillary pilin proteins, which are not required for assembly of the pilin structure. The location of the ancillary proteins on the pilus structure and the method of attachment of these proteins to the pilus are not well understood and may be different in different organisms. Like other proteins that are transported through the cell membrane, pilin proteins have an N-terminal signal sequence which is removed during secretion. In addition, like other proteins that are covalently linked to the gram-positive cell wall, pilins contain a C-terminal hydrophobic domain, followed by an LPXTG or similar motif, like QVPTG or V(V/P)PTG, and a charged tail. This arrangement, known as a "cell wall sorting signal"(CWSS), serves as the substrate for a transpeptidase or "housekeeping" sortase, which cleaves the protein between the T and G residues of the CWSS and attaches it to the growing peptidoglycan chain.
The first step in biosynthesis of gram-positive pili involves Sec-dependent secretion of the pilus proteins, which are retained on the cell surface by the C-terminal hydrophobic membrane-anchoring domain. Following this, a sortase family transpeptidase (pilin polymerase) cleaves the CWSS between the threonine and glycine residues in the LPXTG motif, producing an acyl enzyme intermediate in which the threonine of the CWSS is linked to a cysteine residue of the transpeptidase. However, instead of attaching the pilin to the peptidoglycan, the pilin polymerase attaches it to another pilin subunit in a reaction that has not been thoroughly investigated. Finally, after this process is reiterated many times, the growing pilus is attached to the peptidoglycan in a reaction that may involve the housekeeping sortase, as well as the pilin polymerase (for reviews, see references 35, 39, and 43) .
GAS pili are encoded in gene clusters located in a highly variable genomic region known as the FCT region (fibronectinbinding, collagen-binding T antigen) (7) . The T (trypsin-resistant) antigen, a surface protein, has long been used for serological typing of GAS (31) . Surprisingly, Mora et al. recently found that the T antigen is actually the major subunit or backbone protein of a pilus (23) . In some GAS strains, this pilus also has Cpa covalently attached to it. Cpa was previously identified as a collagen-binding protein that mediates adhesion to host cells (20) .
To date, the GAS FCT regions whose complete sequences are available fall into six classes (FCT-1 to FCT-6) which differ in gene content and gene order (19) . FCT-2, FCT-3 (encoding T3), and FCT-4 are present in strains of the serotypes most commonly associated with disease in the Western world, serotypes M1, M3, M5, and M18 (19) . A curiosity of pilin proteins encoded in the FCT-2, FCT-3, and FCT-4 regions is the presence of a CWSS containing QVPTG or V(V/P)PTG instead of the canonical LPXTG motif (3) .
In addition to the pilin polymerase and the pilin proteins, some FCT gene clusters also encode a homolog of type I signal peptidases, SipA (3, 19, 23, 26) . When sipA (also known as lepA) is present, its location within the gene cluster is conserved: it lies between cpa and the gene for the pilus backbone. The SipA gene is present in FCT-2, FCT-3, and FCT-4 (23), but its sequence in the FCT-2 region (SipA1) differs from that in the FCT-3 and FCT-4 regions (SipA2) (3, 19) . sipA homologs have also been identified in some, but not all, GBS clusters and in a putative pilus gene cluster in Streptococcus suis (13, 29) . The S. suis homolog was found to be highly upregulated when S. suis interacted with porcine brain microvascular endothelial cells, suggesting that it may have a role in the infection process of this pathogen (13) .
Type I signal peptidases are required for cleavage of the N-terminal signal sequence of secreted proteins during translocation and secretion by the Sec pathway (33, 47) . They belong to a unique class of serine proteases whose catalytic activity depends on a serine-lysine dyad (9, 24, 38) . The active site serine serves as the nucleophile in the hydrolytic signal peptide cleavage mechanism, and a lysine residue provides the general base to activate the nucleophilic serine. Gram-negative bacteria typically have only a single type I signal peptidase, and it is essential for growth of these organisms (17) . In contrast, many gram-positive bacteria have several signal peptidases, which may either have redundant functions or differ in substrate specificity (46) .
In this work, we investigated the possible role of sipA2 in T3 pilus polymerization. We found that sipA2 is essential for polymerization of the T3 protein and for addition of Cpa to this polymer. We also found that in SipA2, which lacks the conserved catalytic site serine and lysine residues of type I signal peptidases, the serine residues nearest the predicted location of the active site are not required for polymerization of T3. In addition, our results imply that there is an interaction between SipA2 and the T3 pilin protein. We suggest that SipA2 may have a chaperone-like function in formation of the gram-positive pili.
MATERIALS AND METHODS
Bacterial strains and culture conditions. GAS strain JRS4 is a spontaneous streptomycin-resistant derivative of serotype M6 clinical isolate D471 (34). GAS strain AM3 was used as a source of DNA for PCR amplification of FCT-3-specific sequences (37) . JRS4/pJRS1317 is a derivative of JRS4 containing a plasmid encoding the sipA-tee3HA-srtC2 region from serotype M3 strain AM3 (3), in which T3 has been tagged with the hemagglutinin (HA) epitope. Escherichia coli strain TOP10 (Invitrogen) was used for plasmid propagation and protein analysis.
GAS strains were grown in Todd-Hewitt medium supplemented with 0.2% yeast extract (Difco), and E. coli strains were grown in LB medium (32) at 37°C. When plasmids were selected for, media were supplemented with 50 g/ml kanamycin, 34 g/ml chloramphenicol, or 100 g/ml spectinomycin for E. coli and with 5 g/ml chloramphenicol or 100 g/ml spectinomycin for GAS.
SipA2 deletion in a SipA-T3HA-SrtC2-expressing GAS strain. Plasmid pJRS1317 (3) was amplified with inverse primers del-SipA2-F and del-SipA2-R (Table 1) , which deleted the coding region of sipA2. The resulting 8.1-kb PCR product was digested with BamHI and religated with T4 DNA ligase to produce pJRS1332.
Construction of a plasmid for complementation of sipA2 deletion mutants. Chromosomal DNA of S. pyogenes strain AM3 was used as a template to amplify sipA2 and 43 bp of the region upstream of this gene by PCR using Herculase (Stratagene) and primers sipA_F_BamHI and sipA_R_XhoI ( Table 1 ). The PCR product was cloned into pCR2.1 using a TOPO-TA cloning kit (Invitrogen). The insert was digested with BamHI and XhoI and ligated into pJRS9508 (2) to produce pJRS9535.
Constructs encoding combinations of sipA2, tee3, and srtC2. sipA2, tee3, and srtC2 were amplified in different combinations (Fig. 1) using primers located at the 5Ј ends of sipA2 (sipA_F_BamHI), tee3 (Orf100_F_BamHI), and srtC2 (SrtC2_F_BamHI) and the 3Ј ends of sipA2 (sipA_R_BamHI), tee3 (Orf100_R_BamHI), and srtC2 (SrtC2_R_BamHI) and were cloned into the pCR2.1 vector using the TOPO-TA cloning kit (Invitrogen). The resulting plasmids were introduced into E. coli TOP10, and the strains were used for protein analysis. In all constructs, the inserts were in the sense orientation with respect to the T7 promoter of the vector pCR2.1. Neither E. coli TOP10 nor plasmid pCR2.1 encodes T7 polymerase; hence, transcription was due to leakage of either the T7 promoter or other promoters present on pCR2.1. Site-specific mutagenesis of SipA2 and T3. Site-specific mutagenesis was performed using a QuikChange 2XL kit (Stratagene) according to the protocol provided by the manufacturer, except that strain TOP10 was used as the recipient strain for the mutagenized plasmids. The mutagenic primers used for a serineto-alanine change at position 50 (S50A) in SipA2 were SipA2-S50A-F and SipA2-S50A-R, and the mutagenic primers used for a serine-to-alanine change at position 55 (S55A) were SipA2-S55A-F and SipA2-S55A-R ( Table 1 ). The mutagenic primers used for an alanine-to-arginine change at position 28 of tee3 were Orf100A28R_F and Orf100A28R_R ( Table 1) .
Construction of bacterial strains expressing CpaHA and the downstream segment of the FCT region. A sequence encoding an HA tag (Sigma) was introduced into the cpa gene from GAS strain MGAS315 by two-step overlapping PCR (16) . Primers Cpa-F3 and CpaHA-R (Table 1) were used to amplify the 5Ј 810 bp of cpa and 33 bp of the upstream sequence. Similarly, primers CpaHA-F and SrtC2-SmaI-R2 (Table 1) were used to amplify the 3Ј 1,425 bp of cpa and 2,320 bp of downstream sequence containing sipA2, tee3, and srtC2 ( Fig.  1 ). The two PCR products were gel purified, combined, and used as the template for a second-round reaction.
A DNA fragment containing cpaHA-sipA2-tee3 was amplified from this template using primers CpaF3 and Orf100-R3 (Table 1 ) and cloned into pCR-XL using a TOPO-XL PCR cloning kit (Invitrogen), resulting in pJRS1325. Similarly, a DNA fragment containing cpaHA-sipA2-tee3-srtC2 was amplified using primers CpaF3 and SrtC2-SmaI-R2 (Table 1 ) and subcloned in pCR-XL to produce pJRS1326.
SipA deletion in a CpaHA-SipA-T3-SrtC2-expressing E. coli strain. Plasmid pJRS1326 was amplified with inverse primers del_SipA_F and del_SipA_R (Table 1), excluding the coding region of sipA2. The resulting 7.3-kb PCR product was treated with polynucleotide kinase and religated with T4 DNA ligase to produce pEU7647.
Preparation of cell lysates and cell wall extracts and immunoblot studies. To obtain E. coli cell lysates, overnight cultures were grown in LB medium with antibiotic selection, and the cells were collected by centrifugation and resuspended to an optical density at 600 nm of 10 in saline or, when indicated below, in RIPA buffer (150 mM NaCl, 1.0% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], 50 mM Tris; pH 8.0). Cells were disrupted by sonication, and 10 l was used as a sample for analysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (PAGE).
For GAS cell wall extraction, overnight cultures were grown in Todd-Hewitt medium supplemented with 0.2% yeast extract, collected by centrifugation, and washed in saline. The cell density was adjusted to 10 cell units per ml in lysin buffer A (50 mM ammonium acetate, 10 mM CaCl 2 , 1 mM dithiothreitol; pH 6.2); 1 cell unit was defined as 1 ml of culture at an optical density at 600 nm of 2.0. Ten cell units of culture was centrifuged, and the cell pellet was resuspended in 500 l of lysin buffer A supplemented with 30% raffinose and 200 U/ml recombinant phage lysin from bacteriophage B30 of Streptococcus agalactiae (28) . Cells were digested for 3 h at 30°C with constant rotation and pelleted by centrifugation. The supernatant containing the cell wall fraction was used for further analysis. Twenty microliters of cell wall extract was used as a sample for SDS-PAGE analysis. Recombinant phage lysin from bacteriophage B30 was purified from E. coli BL21(DE3)/pSD101 (12, 28) , and its activity was determined with GAS strain JRS4 as described by Pritchard et al. (28) .
Protein extracts were separated by SDS-PAGE on 10% or 4 to 12% gradient gels (NuPAGE; Invitrogen) using morpholineethanesulfonic acid (MES) electrophoresis buffer (50 mM MES [pH 7.2], 50 mM Tris base, 0.1% SDS, 1 mM EDTA [pH 7.3]) and transferred to a nitrocellulose membrane (Bio-Rad) for immunoblot analysis. HA-7 monoclonal antibody (Sigma) was used at a 1:2.000 dilution, and polyclonal T3 antiserum was used at a dilution of 1:250.
RESULTS
SipA2 is required for T3 pilus formation on the GAS surface. A protein is usually considered to be part of a grampositive pilus if it is present as a high-molecular-weight ladder in a cell wall extract (35, 44) . In our previous studies of the FCT region, we tagged the T3 protein from the serotype M3 strain AM3 with an HA epitope and introduced it on plasmid pJRS1317 ( Fig. 1 ) into a heterologous serotype M6 GAS strain, JRS4 (3). Strain JRS4 has an FCT-1 region which encodes no signal peptidase homolog (3) . Because the T6 pili produced by JRS4 do not cross-react with anti-HA antibody (data not shown), we were able to analyze formation of T3 pili in this strain. When we introduced the sipA2, tee3HA, and srtC2 genes of the GAS serotype M3 pilus gene cluster from strain AM3 on plasmid pJRS1317 (3) into strain JRS4, the highmolecular-weight ladder pattern characteristic of pili in grampositive bacteria was identified in cell wall extracts by immunoblot analysis with anti-HA antibody. To evaluate whether SipA2 was required for the observed T3 polymers, sipA2 was deleted from plasmid pJRS1317 to produce pJRS1332 (Fig. 1) , and cell wall extracts were analyzed by immunoblotting. Figure  2 shows that deletion of sipA2 resulted in loss of high-molecular-weight T3 species in cell wall extracts (Fig. 2, compare  lanes 1 and 2) . The presence of monomeric T3HA (molecular mass, around 32 kDa) indicates that this protein was still expressed in this strain. Complementation with sipA2 on a second plasmid in the strain with the deletion (JRS4/pJRS1332/ pJRS9535) resulted in the presence of the high-molecularweight forms at least at the levels present in parental strain JRS4/pJRS1317 (Fig. 2, lane 3) . We concluded that SipA2 is essential for T3 pilus formation in GAS. 
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SipA IN GAS PILUS FORMATIONSipA2 is required for T3 polymerization in E. coli. To facilitate further characterization of this system, we investigated expression of tee3 alone and in combination with sipA2 and srtC2 subcloned into vector pCR2.1 in E. coli in plasmids pEU7655, pEU7664, pEU7665, and pEU7657 ( Fig. 1 and 3) . As expected, expression of T3 alone (pEU7655) produced monomeric T3 (Fig. 3, lane 2) . In the presence of SipA2 and SrtC2 (pEU7657), two high-molecular-weight T3 bands were detected with anti-HA antibody (Fig. 3, lane 5) . The molecular masses of these bands corresponded to those expected for T3 dimers (64 kDa) and trimers (97 kDa). This demonstrated polymerization of the T3 pilin in the heterologous E. coli host. We also found that in addition to tee3, sipA2 and srtC2 are both required for this polymerization, since deletion of either resulted in the presence of only monomeric T3 (Fig. 3, lanes 3  and 4) . These results demonstrate that T3 polymerization does occur in E. coli and that it requires both SipA2 and SrtC2.
SipA2 is not required for T3 signal peptide cleavage in E. coli. To determine whether SipA2 acts as a signal peptidase on the T3 precursor, we asked whether the T3 monomers shown in Fig. 3 were full-length T3 preproteins or if they had undergone processing of the N-terminal signal peptide. Cleavage of the signal peptide of T3 is predicted to occur after alanine 28, which should decrease the molecular mass of the resulting protein by about 3 kDa. Because all monomeric T3 proteins in Fig. 3 appear to be the same size independent of the presence of SipA2, it appears that if processing occurs, it can be performed by E. coli housekeeping signal peptidase I (LepB). This is expected since the signal peptide predicted for T3 should be recognized by gram-negative as well as gram-positive signal peptidases, according to the signal prediction algorithm of SignalP3.0 (6).
To determine whether processing of the T3 signal peptide occurs in E. coli, the alanine at position 28 was changed to arginine. This mutation at the P-1 position of the signal peptide cleavage site has been shown to abolish processing by the E. coli signal peptidase LepB (36) . In the absence of any other proteins encoded by the pilus gene cluster, monomeric T3-A28R appeared as a band at slightly higher molecular weight than wild-type T3 (Fig. 4, lanes 1 and 2) , consistent with the expected size difference between T3 with the signal peptide and T3 without the signal peptide. Therefore, it appears that the signal sequence of T3 was removed in this heterologous host, presumably by LepB. Therefore, we could not determine whether the introduced SipA2 protein has a similar function.
As expected, the presence of SrtC2 in the absence of SipA2 had no effect on the cleavage of monomeric T3 (Fig. 4, lanes 5  and 6) . However, surprisingly, in strains expressing SipA2 ei- ther with or without SrtC2, no T3-A28R was detected (Fig. 4,  lanes 4 and 8) . This suggests that SipA2 acts on, or interacts with, the mutant T3 protein.
SipA2 lacks the conserved "active site serine" of signal peptidases, and serine residues near its expected location are not required for polymerization of T3. Although SipA2 shares some homology to signal peptidases (3, 19, 23) , the conserved serine residue in the active site of proteins in this family and the conserved lysine residue required for signal peptide cleavage are not present in the SipA proteins of GAS (Fig. 5A) . Two serine residues are located near the expected location of the conserved serine and might substitute for it in the serinelysine dyad mechanism described for signal peptidase I enzymes. To test whether these serine residues are essential for SipA2 activity, we replaced each residue with an alanine in plasmid pEU7657 and analyzed E. coli strains containing the resultant mutant plasmids (pEU7671 and pEU7673 [ Fig. 1]) for the ability to polymerize T3 protein. We found that cell lysates of both mutants contained T3 polymers (Fig. 5B) . This result indicates that neither of these serine residues is essential for SipA2 function in pilin polymerization.
SrtC2 and SipA2 are required for linkage of Cpa-HA to the T3 pilin protein. Since SipA2 is required for polymerization of the T3 pilus backbone protein, we also wished to determine whether it is needed for linkage of the ancillary protein Cpa to T3. We designed an HA-tagged Cpa derivative and expressed it together with the downstream sipA2-tee3 region and with the downstream sipA2-tee3-srtC2 region in pJRS1325 and pJRS1326, respectively, in E. coli TOP10 (Fig. 1 ). Immunoblot analysis with anti-HA antibody of cell lysates of strain TOP10/ pJRS1325 containing SipA2 and T3 but not SrtC2 showed that there was a weak band at about 75 kDa, corresponding to the size of the Cpa monomer (Fig. 6A) . In the presence of SrtC2 in strain TOP10/pJRS1326, an additional band at about 105 kDa was detected, which is approximately the molecular mass expected for a complex of CpaHA and T3. To confirm that this band was indeed due to such a complex, proteins from a cell lysate of TOP10/pJRS1326 were separated by SDS-PAGE and transferred to nitrocellulose. The membrane was then cut in the center of the sample lane, and one side was reacted with anti-HA antibody while the other side was reacted with anti-T3 antiserum (Fig. 6B) . Both antibodies reacted with the band at ϳ105 kDa, demonstrating that both proteins were present in this band. The presence of this complex following heat denaturation and reaction with SDS suggests that CpaHA and T3 To analyze whether sipA2 is required for the formation of the Cpa-T3 complex, the sipA2 gene was deleted from plasmid pJRS1326 by inverse PCR, and the resulting plasmid (pEU7647) was introduced into E. coli TOP10. Immunoblots of cell lysates of this mutant showed that the level of resolution of CpaHA bands by SDS-PAGE was reduced compared to the results obtained for wild-type strain TOP10/pJRS1326 (data not shown). Because the C-terminal CWSS of CpaHA should cause the protein to be associated with the membrane prior to its further processing by SrtC2, it seemed possible that the poor resolution of the CpaHA protein by SDS-PAGE resulted from attachment to the membrane. Therefore, we resuspended cells in detergent-containing RIPA buffer to improve the solubilization of the protein. Immunoblots of the cell lysates developed with anti-HA antibody indeed showed improved resolution of CpaHA (Fig. 7, lane 3) . The location of the CpaHA monomer was determined using the extract of strain TOP10/pJRS1325 (without sortase) (Fig. 7A, lane 1) , and the location of the CpaHA-T3 complex was determined using the extract of strain TOP10/pJRS1326 (with sortase) (Fig. 7A, lane  2) . In the sipA2 deletion strain, no CpaHA-T3 complex was seen (Fig. 7A, lane 3) . Instead, only the CpaHA monomer and the characteristic degradation products of CpaHA were present. To verify that the absence of the CpaHA-T3 complex was due to deletion of the sipA2 gene, sipA2 was introduced into the deletion strain on plasmid pJRS9535 (Fig. 1) . Analysis of cell lysates of the complemented mutant showed that the complex consisting of CpaHA and T3 was restored Fig. 7A,  lane 4) . This indicates that SipA2 is required for linkage of CpaHA to T3.
In an additional experiment, the cell lysates that were used to obtain Fig. 7A were used for immunoblotting but were developed with T3 antiserum (Fig. 7B) . The location of T3 monomers is shown in Fig. 7B, lane 1 (strain without sortase) , and the locations of the polymerized T3 and the Cpa-T3 complex are shown in Fig. 7B , lane 2. Confirming our previous results, in the sipA2 deletion strain no T3 polymers were visible (Fig. 7B, lane 3) , and their presence was restored by complementation with sipA2 (Fig. 7B, lane 4) . Therefore, SipA2 is essential for attachment of CpaHA to the T3 pilus backbone protein, as well as for polymerization of T3.
DISCUSSION
SipA2 is essential for T3 pilus formation in GAS. Bacterial type 1 signal peptidases (encoded by a gene designated sip or lep) are required for cleavage of the N-terminal secretion signal peptide from proteins secreted through the cell membrane by the Sec system. The genome sequences of gram-positive bacteria often reveal the presence of more than one signal. In the cases studied, most of these peptidases have at least partially redundant functions, although for at least one of them substrate preferences are evident (40, 41, 46) .
Because pili are located outside the cell membrane, the proteins that they are composed of must be secreted. The gene cluster required for synthesis of most pili on gram-positive bacteria is composed only of genes encoding a sortase family pilin polymerase and genes encoding the major and minor pilins that constitute the pilus structure. However, in some gram-positive bacteria, including some strains of GAS, the pilin gene cluster also contains a sipA homolog. In this work we studied the role of SipA2 in one such GAS strain that produces T3 pili.
We found that the signal peptidase homolog SipA2, encoded in the T3 gene cluster of a serotype M3 strain of GAS, is essential for pilus biogenesis. Deletion of the sipA2 gene from the strain resulted in production of only monomeric T3 protein, and complementation with the sipA2 gene restored production of the high-molecular-weight forms of T3 that indicate the presence of pili. This is consistent with the possible role of SipA2 as a pilin-specific signal peptidase required for transport of these proteins through the cell membrane. However, the current model for pilus formation in gram-positive bacteria proposes that these structural proteins are secreted via the Sec pathway involving cleavage of the N-terminal secretion signal by a housekeeping signal peptidase. In agreement with this model, we observed that monomeric T3 protein, the major subunit composing the backbone protein of T3 pili on the GAS surface, is secreted through the cell membrane in the absence of SipA2, since it is found in cell wall preparations. Therefore, it appears that the housekeeping signal peptidase is sufficient for this process, and SipA2 appears to play a different essential role in pilus biogenesis.
SipA2 is essential for T3 pilin polymerization in E. coli. To investigate the role of SipA2 in pilus formation, we expressed the T3 pilus gene cluster in E. coli. In samples prepared for gel analysis by boiling in SDS, we found monomers, dimers, trimers, and tetramers of the T3 protein in extracts of this heterologous organism. This indicates that the T3 pilin protein is polymerized and that the pilin polymers are linked by covalent bonds in E. coli, just as they are in GAS. However, not surprisingly, long pili, characterized by the presence of high-molecular-weight bands in Western blots, are not found in E. coli. We also observed that attempts to increase the expression level of the T3 pilus genes in E. coli led to lethality (data not shown). This is consistent with the possibility that production of highmolecular-weight T3 polymers in E. coli might kill the cells, possibly because the polymers might accumulate in the membrane. The ability to study pilin polymerization in E. coli, which is more malleable genetically than GAS, and the reduced complexity of the pilus polymers in this heterologous organism facilitate analysis of the formation of defined pilus multimers and make the study of specific individual protein interactions in pilus biogenesis more accessible. By expressing different combinations of T3 pilus cluster genes, we found that SipA2 is required for polymerization of the T3 protein in E. coli, as it is in GAS. Furthermore, covalent association of the minor pilin Cpa with T3 in E. coli also requires SipA2. This may indicate either that SipA2 interacts specifically with Cpa, as well as with T3, or that T3 must first interact with SipA2 before Cpa can be attached to it. The requirement for SipA2 for T3 polymerization in E. coli demonstrates that no E. coli protein can substitute for SipA2 in this process. In addition, it demonstrates that no other GAS-specific proteins are required for pilus polymerization. Thus, our studies show the value of using E. coli as a surrogate host in which to study the process of gram-positive pilus assembly.
The essential role of SipA2 for polymerization of T3 in E. coli is not as a signal peptidase. It appears that processing of the signal peptide of T3 occurs in E. coli. This was determined by comparing the size of the monomer of the wild-type T3 protein with the size of the T3-A28R mutant protein, in which a residue essential for signal peptidase cleavage by the housekeeping signal peptidase LepB was mutated (Fig. 4) . We found that signal peptidase processing occurs even in the absence of sipA2, suggesting that the E. coli enzyme is sufficient for cleavage of the signal peptide from T3. Therefore, because SipA2 is required for polymerization of T3, its essential role in this process in E. coli is not as a signal peptidase.
SipA lacks the conserved serine and lysine residues of type I signal peptidases. Type I signal peptidases belong to a class of serine proteases (9, 24, 38) whose catalytic activity depends on a serine-lysine dyad mechanism, as described in the Introduction (8, 45) . Based on conservation of the three domains that characterize this family, bioinformatic analysis indicated that SipA2 belongs to this family of proteins. However, the active site serine (corresponding to Ser90 in LepB of E. coli), which acts as the nucleophile in the hydrolytic mechanism of signal peptide cleavage, is absent from SipA2. Additionally, the lysine residue (Lys145) which provides the general base required to activate Ser90 is also absent (Fig. 5A) . Thus, unless other nearby residues can substitute for these essential amino acids, SipA2 should not be able to function as a type I signal peptidase. In SipA2, there are two serine residues, Ser50 and Ser55, near the expected location of the active site serine. We found that substitution of alanines for both of these serine residues in SipA2 in E. coli did not abolish T3 polymerization, indicating that these residues are dispensable for pilus polymerization. This evidence, as well as that described above, demonstrates that the role of SipA2 in T3 pilin polymerization is not as a serine protease with the catalytic mechanism described for type I signal peptidases. However, the presence of the conserved secondary structure of the type I signal peptidase family in SipA2 suggests that SipA2 may be able to interact with other proteins.
Like SipA2 in GAS, there are signal peptidase-like proteins (designated SpsA and SipA, respectively) in Staphylococcus aureus and Staphylococcus carnosus which lack the "active site serine" and have a serine residue at the position corresponding to S50 in GAS SipA2 (10) (Fig. 5A) . Due to the lack of critical residues, these SpsA signal peptidase homologs have been considered inactive (10) . In a recent extensive screen for serine protease activities in S. aureus, it was confirmed experimentally that SpsA lacks signal peptidase activity (18) . Further work is required to determine the function of these proteins.
SipA2 interacts with the T3 protein.
In the course of the analysis of N-terminal signal processing of the T3 protein in E. coli, we constructed a T3 mutant with a A28R mutation. Although the amount of this protein was significantly less than the amount of the wild-type T3 protein in the absence of SipA2, in the presence of SipA2 the mutant protein was undetectable (Fig. 4) . Furthermore, no defined lower-molecularweight proteolytic products were detected in any strain containing T3-A28R, indicating that proteolysis was complete. These results suggest that SipA2 interacts with T3. Our results also indicate that the interaction of SipA2 with the T3 protein is independent of the presence of the pilin polymerase SrtC2 (Fig. 4) . We cannot distinguish between the following two alternative explanations for the instability of T3-A28R in the presence of SipA2: (i) SipA2 may be an enzyme that alters or modifies T3-A28R so that the mutant protein is degraded, or (ii) SipA2 may be a chaperone that binds to T3 to protect it from proteolytic cleavage by an E. coli protease and SipA2 may be unable to bind to T3-A28R. Both alternatives involve an interaction of SipA2 with T3. Considering the similarity of SipA2 to type I signal peptidases, is seems possible that SipA2 may have retained the ability of these enzymes to interact with protein substrates while it lost enzymatic activity.
Similar putative pilus gene cluster in a strain of Streptococcus pneumoniae. A SipA homolog (CGSSp11BS70_06113) in the partial genome sequence of S. pneumoniae strain SP11-BS70 (Center for Genomic Sciences accession number EDK62593) shows 38% identity (58% similarity) to SipA2, and this predicted protein is more similar to SipA2 encoded in the different GAS genomes than to the other members of the signal peptidase family. As in GAS SipA2, the conserved active site serine and lysine residues are absent. In this strain, the sipA2 homolog is located immediately upstream of a putative pilus backbone protein gene in a gene cluster resembling the FCT-3-FCT-4 region in GAS. As observed for GAS FCT-3-FCT-4 major pilin proteins, the S. pneumoniae putative major pilus protein has a noncanonical CWSS. Instead of LPXTG, VTPTG precedes the hydrophobic region and charged tail of this pilin. Further, neither the S. pneumoniae putative pilin nor the related GAS pilins contain the additional motifs described VOL. 190, 2008 SipA IN GAS PILUS FORMATION 533
for pili of gram-positive bacteria (i.e., the pilin motif and the E box) (42, 44) . Therefore, the putative pilus gene cluster in this S. pneumoniae strain seems to be more closely related to the pilus gene clusters in some GAS strains than to the pilus gene cluster in the rlr pathogenicity islet (15) of other strains of S. pneumoniae (5, 21) . This may suggest that there has been horizontal gene transfer between strains of these two species of streptococci. Signal peptidase-like proteins in other pilus gene clusters have the conserved residues. In group B streptococci (GBS), a SipA homolog has been identified in the PI-2b pilus gene cluster (29) . However, in contrast to the GAS SipAs, the conserved serine and lysine residues of the type I signal peptidases are fully conserved in the GBS homolog (Fig. 5A) . Similarly, in the SipA homolog present in one of the several pilus gene clusters in S. suis (18) , the conserved active site residues are also present (Fig. 5A) . In neither of these cases has either the enzymatic activity or the role of the encoded protein in pilus production been determined. However, the SipA proteins and the organization of the genes in the pilus clusters of S. suis are more similar to those of GBS than to those of GAS.
Possible chaperone role for SipA2. Since the discovery of pili on gram-positive bacteria (other than C. diphtheriae) is quite recent, the mechanisms of biogenesis of these structures are not yet well understood. In contrast, a fairly detailed molecular understanding of the morphogenesis of some types of pili in gram-negative bacteria has been developed. In particular the "chaperone-usher" pathway used by the type 1 and pap pili of uropathogenic E. coli (4) and the "alternative chaperone-usher" pathway of the CS1-related pili of enterotoxigenic E. coli (27, 30) have been studied. In these pathways, the pilin proteins remain associated with a chaperone which prevents them from associating prematurely with each other to form unstructured aggregates. In the absence of the chaperone, the pilins are degraded. Association, in the correct order, of the pilin proteins with the outer membrane pore formed by the usher protein releases each pilin in turn from its noncovalent attachment to the chaperone. So far, no chaperone protein has been implicated in the biogenesis of pili in gram-positive organisms. In this work, we identified SipA2, which is encoded in the T3 pilin gene cluster, as a protein essential for T3 polymerization. We also obtained evidence suggesting that these two proteins interact with each other. Although SipA2 has homology to the class of proteases that includes type 1 signal peptidases, we showed that its essential function is not as a signal peptidase in T3 pilus polymerization. Furthermore, in other gram-positive bacterial pilus gene clusters in which the canonical LPXTG cell wall sorting motif sequence is replaced with another sequence, genes encoding similar SipA homologs that lack the conserved active site Ser and Lys residues are also present. We suggest, therefore, that some pili of gram-positive bacteria may require a SipA protein as a chaperone to play a role similar to that played by pilinspecific chaperones in gram-negative bacteria. Further work is required to test this hypothesis.
